Sulfate-rich wastewater is an indirect threat to the environment especially at low pH. Sulfate reducing bacteria (SRB) could use sulfate as the terminal electron acceptor for the degradation of organic compounds and hydrogen transferring SO 4 2À to H 2 S. However their acute sensitivity to acidity leads to a greatest limitation of SRB applied in such wastewater treatment. With the addition of iron shavings SRB could adapt to such an acidic environment, and 57.97, 55.05 and 14.35% of SO 4 2À was
INTRODUCTION
Sulfate-rich wastewater is an indirect threat to the environment (Shin et al. ). The wastewater containing sulfate of high concentration can lead to an imbalance in the natural sulfur cycle (Look et al. ) . As is known, sulfate reducing bacteria (SRB) plays an important role in the sulfur cycle (Hector et al. ) by using energy to reduce SO 4 2À and form sulfide. Therefore, it could be applied in sulfate-rich wastewater treatment. But the major flaw as one of the biggest problems with SRB is their acute sensitivity to acidity, which leads to the greatest limitation of SRB applied in the treatment of acidic and sulfate-rich wastewater such as AMD (the abbreviation of acid mining drainage), etc. Fe 0 often presents as a reducing agent in the treatment of groundwater contaminated by heavy metals because of its high reduction potential and nontoxicity (Wilkin & McNeil ) . According to Yao et al. () and Lindsay et al. () , SRB and Fe 0 in the system to treat AMD provide a more effective sulfate reduction. So Fe 0 is a promising matter to raise SRB adapting acidic conditions. Iron shavings are the waste of iron and steel industries such as machining industries. The iron shavings contain iron (>95%), carbon (0.35-0.42%), silica (0.20-0.45%), chromium (1.35-1.65%) and a few other trace elements (e.g. Mo, S, P, Ni, each <0.03%) (Ma & Zhang ) . So they could be used as Fe 0 with SRB to treat acidic and sulfate-rich wastewater. In developing countries such as China, there are many machining plants. So abundant low cost (approximately ¥2.1 kg À1 ) iron shavings could be available for such wastewater treatment.
MATERIALS AND METHODS

Sampling procedure
The biological material used for different experiments was formed by a mixed culture containing SRB selected from the sludge deposited at the bottom of a drainage ditch near the sulfuric acid production department in Huangshi Daye Non-ferrous Metals Co., Ltd. Cappenberg () reported that sulfate reducers were most abundant at depths of 0 to 2 cm in the mud at pS 2À values of about 11 and redox potential values of À100 to À150 mV. So samples were taken at a depth of 0 to 2 cm in the mud right beneath the wastewater into a bottle sealed with a rubber cover. The characterization of wastewater was shown in Table 1 .
Enrichment of SRB
Postgate's C medium (Postgate ) ( Table 2) was prepared for SRB enrichment in samples, and pH was adjusted to 7 with NaOH (1 mol L À1 ). 200 mL medium was added into a 250 mL anaerobic bottle, which was then purged with high purity N 2 for 10-15 min to reduce the dissolved oxygen. After that a 3 g mud sample was put into the medium in the anaerobic bottle, which was purged again for 10-15 min with N 2 (Atlas ). The bottle was then taken into the thermal air bath oscillator (HZQ-C, China) at a temperature of 35 W C and at a speed of 120 rpm. The pH, sulfate and sulfide in the bottle was measured periodically. The existence of SRB was determined by the direct observation of the formation of black precipitate (ferrous sulfide). When sulfate decreased sharply and sulfide increased swiftly, which indicates that SRB existed numerously in the medium, it was time for the bacterium to be inoculated to another new prepared medium with the ratio 1:10 (v/v), the enriched SRB culture was obtained by repeating the process until the time when sulfate was almost not changed.
Synthetic wastewater preparation and inoculation
As Postgate's C medium contains SO 4 2À 3,800 mg/L, 1 mol/L or 0.2 mol/L H 2 SO 4 was added into each 200 mL medium (except FeSO 4 · 7H 2 O and sodium citrate) in a 250 mL anaerobic bottle to adjust its pH to 3.0, 4.0, 5.0, respectively, as the synthetic wastewater with the necessary chemical elements for SRB. They were prepared doubly and divided into two groups for comparison. Each bottle was purged with high purity N 2 for 10-15 min to reduce the dissolved oxygen. After that each bottle was warmed in a thermal air bath oscillator to 35 W C. Then FeSO 4 · 7H 2 O and sodium citrate were added in swiftly. And 5 g iron shavings (10 cm long each) were added into each bottle in one group, and none was added in the other as comparison. All the wastewater was purged again with high purity N 2 for 10-15 min. Then each bottle was inoculated with the enriched SRB culture at a ratio of 1:10 (v/v). Sulfate, pH and sulfide were measured periodically.
Analytical methods 5 mL of solution was extracted from each bottle into a centrifugal tube to measure pH (ORZON818, USA), and Eh (MS 20, Czech Republic). Then it was centrifuged at 4,000 rpm for 10 min to measure sulfide (calculated as S), and SO 4 2À . According to Turbidimetric Method for Sulfate Analysis (Standard Methods for the Examination of Water & Wastewater ) the barium sulfate is measured by a spectrophotometer at 420 nm. While sulfide was determined by the methylene blue formation reaction using the same spectrophotometer (Shimadzu, Japan) at 665 nm (Dou et al. ) . All the items (pH, sulfate and sulfide) were measured periodically. Iron shaving samples were cleaned in ethanol and observed by scanning electron microscope ((SEM), JSM-5610LV, Japan).
RESULTS AND DISCUSSION
SRB enrichment SO 4 2À was not altered and no sulfide was formed at the end of the test of the medium without sludge and sterilization, as shown in Figure 1(b during the 14th-18th day in the first enrichment for SRB, while the same happened during the 4th-10th day in the second and third enrichment, as shown in Figure 1 (b). This shows that only a few SRB existed in sludge, and so it took longer for SRB to grow numerously and reduce SO 4 2À swiftly in the first enrichment than in the next two enrichments. SO 4 2À , pH, and sulfide altered almost to the same extent between the second and third enrichment for SRB. This indicates that three times are enough for SRB enrichment, and inoculation time was between the 4th and 10th day. Eh for SRB enrichment was shown in the could be reduced and 82.01 mg/L sulfide was produced at pH 5, as shown in Figure 2 (b). This indicates that low pH (lower than 4) really has a great negative impact on the activity of SRB. Once iron shavings were added, 57.97, 55.05 and 14.35% of SO 4 2À was reduced at pH 5, pH 4 and pH 3, respectively, which proves that the addition of iron shavings makes SRB much more active between pH 3 and 5. Iron shavings would raise the pH level slowly as shown in the curves of different pH with iron shavings and without SRB culture in Figure 2(a) . Nevertheless the rate of this reaction was much less than it was with SRB. So this shows that under the synergistic effect of iron shavings, SRB could raise the pH more effectively, which provides a better condition for SRB growth. Eh for wastewater treatment is shown in Table 4 . Eh decreased more in both conditions with iron shavings and with SRB culture at pH 3, pH 4, and pH 5, than in the other conditions at pH 3, pH 4, and pH5, respectively. It also could prove indirectly that the addition of iron shavings makes SRB much more active. With sludge and sterilization À 139 À 143
The first time enrichment for SRB À 148 À 267
The second time enrichment for SRB À 178 À 278
The third time enrichment for SRB À 174 À 270
Behavior of SRB after inoculation in acidic synthetic wastewater with iron shavings
As is known widely, SRB could not live in too acidic an environment, and also it was proved in Figure 2 that SRB could not reduce SO 4 2À and no sulfide formed without iron shavings below pH 4. Hence, the addition of iron shavings was the key point to make SRB live at pH 3 and 4. When SRB was inoculated into acidic synthetic wastewater, lots of SRB would not adapt to such an acidic environment and died, except those attached to the iron shavings, as shown in Figure 3 . The reaction (1) shows that Fe 0 could react with H þ and generate H 2 , pH near the surface of iron shavings would be higher than away from it. As a result, the SRB attached on the iron shavings would escape from the depression action of acidity.
On the other hand, several SRB would be capable to grow on the H 2 as the sole energy source (Barton & Hamilton ) . So H 2 may serve as an electron donor for SRB besides lactate. And this could be another reason that more sulfate ions can be reduced with iron shavings than without iron shavings in the presence of SRB culture at pH 5.
However SO 4 2À reduction and sulfide formation were much less effective at and below pH 3. It is shown that although iron shavings could partly raise pH level and make SRB more easily grow in an acidic environment, in extreme acidic conditions such as at and below pH 3, the activity of SRB would be also inhibited as a result of the low pH level not raised enough by iron shavings. The iron shavings were visualized using SEM, as shown in Figure 4 . Without treatment, the surface of iron shavings was integral as in Figure 4(a) , while in the test at pH 4 without SRB culture, the structure of the surface was broken as in Figure 4(b) . But in the test at pH 4 with SRB culture, some glutinous substances were generated, and pieces of iron shaving were covered by it as in Figure 4 (c) and Figure 4(d) . Some sort of glutinous extracellular polymeric substances (EPSs) were found during the course of metabolism of organisms containing SRB recently (Fang et al. ) . So the glutinous substances may be the EPS generated by SRB. SRB would adhere to the iron shavings steadily through EPS. As a result of reaction (1) occurring right on the surface of iron shavings, EPS may be helpful to reduce the effect of acidity and use H 2 as an electron donor for SRB.
CONCLUSIONS
Synthetic wastewater at pH 3, 4 and 5 was treated by SRB culture with iron shavings. Without addition of iron shavings, SRB could not live and reduce SO 4 2À at pH 3 or 4, while with iron shavings SRB were active and even 55.05 and 14.35% of SO 4 2À could be reduced at pH 4 and 3, respectively. The reasons for SRB being more active with iron shavings than without it may be two, one was that pH near the surface of iron shavings was raised, and the other was that H 2 which could serve as an electron donor for SRB was generated around the surface of the iron shavings. EPS would be formed by SRB, and it was helpful to reduce the effect of acidity and use H 2 as the electron donor for SRB.
